Hydrogen (H) absorption performance in a four monolayers (4 ML) thick body centered cubic (bcc) vanadium (110) interface layer being in contact with non-H absorbing molybdenum layer (Mo/V (110) superlattice) reported by Öhrmalm et al. was analyzed in terms of statistical thermodynamics. Number ª of the available interstitial sites for occupation by H atoms per V atom was determined to be 0.45 in the 4ML bcc V (110) superlattice while ª was evaluated to be 0.55 for poly-crystalline bulk bcc V lattice. With this choice of ª value, nearest neighbor HH interaction energy E(HH) in the 4ML bcc V (110) superlattice was evaluated to be zero and the extent Q of stabilization of H atom in the bcc V (110) superlattice was evaluated to be comparable to that in the bulk bcc V lattice. The evaluated reduction of ª for the 4ML bcc Mo/V (110) superlattice to 0.45 from 0.55 for the bulk bcc V lattice was concluded to be the consequence of modulation of electronic structure in the bcc V lattice in the vicinity of non-H absorbing Mo layer.
Introduction
Öhrmalm et al. 1) investigated hydrogen (H) absorption performances in bcc (body centered cubic) V (110) thin film of up to 6.1 ML (monolayers) thickness (corresponding to 1.30 nm) being in contact with non-H absorbing Mo layer deposited on sapphire substrate. Their experimental evidences suggested that the bcc V (110) layer with 3.5 ML thickness (corresponding to 0.74 nm) was solely consisted of interface region in which the interstitial site occupation by H atoms is less favorable than in the bulk bcc V lattice on account of charge transfer from the Mo layer. By electrical resistivity measurement, they evaluated composition c (= H/V atom ratio) in the interface region of 4 ML thickness excluding the top 2.1 ML thick layer in the 6.1 ML bcc V (110) film to determined equilibrium PTC (pressuretemperature composition) relationships for the 4 ML thick interface region of the bcc V (110) superlattice in the 6.1 ML V (110) film (reproduced as van't Hoff plots Fig. 2 
in Ref. 1)).
In the present work, statistical thermodynamic analysis was made for the equilibrium PTC relationships determined for the 4 ML thick bcc V (110) superlattice being in contact with non-H absorbing Mo layer (that is, c reported by Öhrmalm et al. 1) is taken as the composition x in VH x in the following analysis for the 4 ML thick bcc V (110) superlattice). The determined value for the parameter ª representing the number of available interstitial sites per V atom for occupation by H atoms and evaluated values of Q (kJ·mol ¹1 ) representing the extent of stabilization of H in the 4 ML thick bcc V (110) superlattice and of R ln f H (kJ·K ¹1 ·mol ¹1 ) representing the partition function f H of H in the bcc V (110) superlattice are compared with the corresponding statistical thermodynamic parameter values reported for H in epitaxial bcc V (001) thin films of 50 and 100 nm thickness (corresponding to 250500 ML) deposited over non-H absorbing MgO substrate 2) and in bulk bcc V lattice in non-constrained poly-crystalline state.
3,4)
The statistical thermodynamic parameters for H atoms absorbed in epitaxial bcc V (001) thin films were calculated through analysis of the PTC data reported by Andersson et al. 5) demonstrating appreciable extent of H absorption enhancement compared with that reported for H atoms in the bulk bcc V specimen by Veleckis and Edwards. 6) 
Statistical Thermodynamic Analysis
In a preceding report 2) as well as in the earlier works, 3, 4) statistical thermodynamic analysis procedures for nonstoichiometric interstitial alloy systems were presented. However, noting that the statistical thermodynamic analysis procedure is not so widely known as the thermodynamic analysis procedure among the materials researchers, essence of the statistical thermodynamic analysis procedure is reviewed briefly in the following. In the statistical thermodynamics, partition function PF for condensed phase (either solid or liquid) under consideration is composed taking into account pair-wise nearest neighbor atomic interactions E(ij) between the constituents, i and j. Then, chemical potential ®(i) c of the constituent element i in the condensed phase is derived through partial differentiation of PF with respect to the number n i of the constituent element i. Subsequently, ®(i) c in the condensed phase is put equal to ®(i) g of the same element i in the gas phase. The expression for ®(X) g of ideal diatomic gas X 2 is readily available in the classical text book authored by Fowler and Guggenheim. 7) The detailed derivation procedure of ®(X) c for the condensed phase MX x might be referred to elsewhere. 3, 4) Anyway, the statistical thermodynamic equilibrium condition is eventually reduced to the following eq. (1) for the purpose of analyzing H solution under consideration 24) 
where values for the dissociation energy D(H 2 ) (kJ·mol ¹1 ) of H 2 molecule per mole, characteristic temperature © r (= 85.4 K) for rotation of H 2 molecule and characteristic temperature © v (= 6100 K) for vibration of H 2 molecule might be taken from available thermodynamic table. 8) Definitions of symbols used throughout the text are listed in the APPENDIX.
To start the statistical thermodynamic analysis using eq. (1), the value for the parameter ª must be chosen adequately to yield linear A(T ) vs. x isotherms. This is to fulfill the a priori assumption of constant E(HH) over a range of homogeneity composition x at a given T for VH x .
In the earlier statistical thermodynamic analysis 3, 4) of the PTC relationships for bulk bcc V, 6) ª was chosen to be 0.55 while, in the preceding analysis 2) of the PTC relationships for the epitaxial bcc V (001) thin films with 50 and 100 nm thickness, 5) ª was chosen to be 0.75.
Determining the ª Parameter Value for the 4 ML bcc VH x (110) Superlattice
To carry out statistical thermodynamic analysis for the 4 ML bcc VH x (110) superlattice, it was desirable to convert the graphically presented van't Hoff plots Fig. 2 Table 1 in Ref. 9), the unit for p(H 2 ) in Table 1 is chosen to be atm in place of SI unit, Pa. Figure 1 plots the isothermal PC relationships for the 4 ML bcc VH x (110) superlattice on the basis of the data listed in Table 1 . Isothermal PC relationships for the 50 nm and the 100 nm epitaxial bcc VH x (001) thin films 5) are also reproduced in Fig. 1 for the sake of comparison. It is evident in Fig. 1 that H absorption in the 4 ML bcc V (110) superlattice was appreciably suppressed compared with that in the epitaxial bcc V (001) thin films. Although not plotted in Fig. 1 , isothermal PC relationships for bulk bcc VH x 6) showed higher H absorption than those for the 4 ML bcc V (110) superlattice when compared at the same T.
Thus, search of realistic ª value for analysis of PTC relationships for the 4 ML bcc V (110) superlattice was started from 0.55 that was chosen for the analysis of bulk bcc VH x .
3,4) Table 2 shows the example case of search for ª done for the PTC data at T = 500 K with interval of ª taken to be 0.05. It is seen in Table 2 that, with ª = 0.55 or 0.50, the slope of A/RT = ln{[p(H 2 )] 0.5 · (ª ¹ x)/x} vs. x plot was positive while that turned to be negative with ª = 0.40. With the choice of ª = 0.45, slope of the A/RT vs. x plot settled down to be zero yielding average A/RT value ¹1.397 for x between 0.07 and 0.26. This situation is seen more evidently in graphical presentation of Fig. 2 . Thence, for the present modeling of the H solution in the 4 ML bcc V (110) superlattice, ª = 0.45 representing the condition E(HH) = 0 was decided to be employed. In the past statistical thermodynamic analyses made for dilute solutions of interstitial elements X including C and N as well as H in MX x lattices, model with E(XX) = 0 was used representing the reality that the nearest neighbor XX interaction is non-existent in the very dilute interstitial solutions.
1020) However, in the present case for H solution in the 4 ML bcc V (110) superlattice being in contact with non-H absorbing Mo layer, x extended to about 0.35 which cannot be defined as the very dilute solution. Thus, in the present case, E(HH) = 0 must have been realized inherently for the nearest neighbor HH pairs while E(HH) interaction was evaluated to be negative (attractive) in the bulk bcc V lattice or in the epitaxial bcc V (001) thin films as displayed in Fig. 3 in Ref. 2) .
It might be worthwhile to provide supplemental explanation for the reason why the present statistical thermodynamic analysis was undertaken under the a priori assumption of constant E(HH) over homogeneity composition range referring to earlier works.
2124)
There is no first principle-based justification for validity of the a priori assumption of constancy of E(HH) within a phase at each T on the statistical thermodynamic modeling. In fact, in some earlier statistical thermodynamic analyses made for interstitial non-stoichiometric compounds MX x by other authors, ª was assumed arbitrarily on the basis of crystal lattice structure and, when slope change of A(x,T) vs. x plot with composition x was detected, it was accepted as the inherent variation of E(XX) with respect to composition x. This a priori assumption was first employed for analysis of hypo-stoichiometric Cr 2 N phase 21) and then for analysis of primary solid solutions of H in Va-group transition metals (V, Nb and Ta). 22) The estimated values of the statistical thermodynamic parameters on the basis of this simplifying assumption of constant E(XX) within a given phase at arbitrary T appeared reasonable. Thus, it was decided to undertake a series of following statistical thermodynamic analyses 24, 924) using this simplifying assumption. Normally, E(XX) tended to become less attractive on going from dilute range of X to higher X concentration range in the same phase MX x in the earlier statistical thermodynamic analysis by the other authors undertaken with arbitrary choice of q without taking constant E(XX) within given phase and this trend was appreciated as the consequence of rising elastic strain in the lattice with increasing x in the same phase. However, noting the reality that phase change even between liquid and solid is involved with enthalpy difference of up to mere 20 kJ/mol (e.g., Ref. 8) and Fig. 1 in Ref. 23) ), it would be more natural and straightforward to accept that change in E(XX) of non-stoichiometric interstitial compound with x at a given T would end up with phase transformation rather than being maintained in a specified crystal lattice structure. Further, set of statistical thermodynamic interaction parameter values estimated on the basis of the simplifying a priori assumption of constant E(HH) for extensive range of metals and alloys appear to be self-consistent among themselves. 924) As summarized in Ref. 24 ), E(HH) estimated as such for several metals and alloys were not necessarily positive (repulsive elastic strain) but were negative (attractive). This fact appeared to suggest that there must be certain extent of contribution from the electronic (chemical) interaction between nearest neighbour H atoms to E(HH) besides contribution from the lattice (mechanical) strain.
Calculating Statistical Thermodynamic Parameters,
Q and R ln f H , with ª = 0.45
As reviewed above, the present calculation was decided to be carried out with ª = 0.45 that yielded E(HH) = 0 at any T examined. Thus, at each T, A(x,T ) defined by eq. (1) would become equal to g being independent of x. Then, as presented in Table 3 , K defined by eq. (2) Figure 3 shows the K vs. T plots that represents the relationship 0.5 · (ª ¹ x)/x} used for evaluating the mean value ¹1.397 in this case for ª = 0.45 are given with the bold letter. That is, the calculated values of ln{[p(H 2 )] 0.5 · (ª ¹ x)/x} for x = 0.34 (i.e., ¹1.576) and for x = 0.03 (i.e., ¹1.098) are discarded being considered as out of contention.
KðT Þ ¼ À226:902 þ 0:14890T : ð6Þ Thus, we obtain
As such, the value of Q determined for the 4 ML bcc V (110) superlattice (eq. (7)) appeared to be comparable to that for the bulk bcc V lattice (¹223.5 kJ·mol
¹1
) 3, 4) as well as for the epitaxial bcc V (001) thin films (¹220³ ¹224 kJ·mol ¹1 ).
2)
On the other hand, R ln f H determined for the bcc V (110) superlattice (eq. (8)) was negative while that for the bulk bcc V lattice or for the epitaxial bcc V (001) thin films was positive. 24) This evidence seems to imply that electronic surrounding of H atoms in the 4 ML bcc V (110) superlattice was quite different from that in the bulk bcc V lattice or in the epitaxial bcc V (001) thin films on account of charge transfer from the Mo substrate.
Discussion
In the present work, ª parameter value 0.45 was employed for the statistical thermodynamic analysis of the 4 ML bcc V (110) superlattice being in contact with non-H absorbing Mo layer while ª = 0.55 was evaluated for the bulk bcc VH x . 3, 4) As such, decreased extent of H absorption in the 4 ML bcc V (110) superlattice compared with the bulk bcc VH x was represented by the decrease in the ª parameter value although there was no evidence of V 1¹y Mo y alloy phase formation in the 4 ML intermediate layer. 1) In the earlier statistical thermodynamic analyses for solution of interstitial element X into the substitutional alloy lattice A 1¹y B y , suppressed solubility of X in the alloy A 1¹y B y compared with that in the metal lattice A was represented by the decreased ª in the A 1¹y B y compared with that in the pure metal A 3, 4, 9, 10, 20) and, on the contrary, the enhanced solubility of X in the alloy A 1¹y B y compared with that in the metal lattice A was represented by the increased ª in the A 1¹y B y compared with that in the pure metal A. 9, 14, 15, 19) According to available information, 3, 4, 20) alloying with the VIa-group elements such as Mo and W into lattice of Vagroup metals like V, Nb and Ta would lead to decrease of ª for H solubility in the alloy phase. For example, ª for bcc Nb 1¹y Mo y H x lattice was determined to be 0.75 for y = 0, 0.45 for y = 0.1, 0.30 for y = 0.2 and 0.20 for y = 0.3. 3, 4) Thus, suppressed H absorption in sbustitutional alloy A 1¹y B y consisting of H absorbing metal A and non-H absorbing metal B might be represented in terms of the ª parameter as follows (Table 1 in where ª represents the ª parameter for the A 1¹y B y alloy lattice, ª 0 that for the pure metal A and s the extent of decrease of ª per alloying with B. Accepting this simplifying expression, ª variation in bcc Nb 1¹y Mo y H x in the range of y between 0 and 0.10 was represented with ª 0 = 0.75 and s = 3. 3, 4, 20) With reference to these available informations, 3, 4, 920) the measured decrease of H solubility in the 4 ML bcc V (110) superlattice being in contact with non-H absorbing Mo layer compared with that in the bulk bcc V 1) and the corresponding decrease of ª in the 4 ML bcc V (110) superlattice to 0.45 from ª = 0.55 for bulk bcc V was interpreted in terms of the electron transfer from the Mo lattice being in contact with the bcc V (110) superlattice up to 4 ML thickness although there was no evidence of V 1¹y Mo y substitutional alloy phase formation reported in the interface layer. 1) Thus, noting that V and Nb are both elements in the Vagroup in the Periodic Table of the Elements, the extent of decrease of ª represented by the factor s by alloying with Mo was assumed to hold constant to be 3. Then, y in a hypothetical V 1¹y Mo y in the 4 ML bcc V (110) interface layer is calculated to be 0.033.
As such, although there was no evidence of V 1¹y Mo y substitutional alloy phase formation reported in the 4 ML bcc V (110) interface layer, 1) electronic structure in this interface zone of the bcc V (110) lattice was concluded to be modulated being affected by the Mo layer being in contact in a way to assimilate the electronic structure of the V 0.967 Mo 0.033 alloy lattice in spite of physical absence of Mo atoms as the substitutional alloying element in the concerned bcc V lattice of the 4 ML thick interface zone.
Conclusions
H solubility data for 4 ML bcc V (110) superlattice being in contact with non-H absorbing Mo layer reported by Öhrmalm et al. 1) were analyzed on the basis of statistical thermodynamics and following conclusions were drawn.
(1) Number ª of available interstitial sites for occupation of H atoms per V atom in the 4 ML bcc V (110) superlattice being in contact with non-H absorbing Mo layer was evaluated to be 0.45 which was less than 0.55 determined for the bulk bcc V lattice whereas there was no evidence of formation of V 1¹y Mo y alloy phase in the 4 ML interface layer.
1)
(2) With ª = 0.45, E(HH) was calculated to be zero in the 4 ML bcc V (110) superlattice implying that there was no interaction between the nearest neighbor H atoms in the 4 ML bcc V (110) superlattice. (3) Q value representing the extent of stabilization of H atom in the 4 ML bcc V (110) superlattice was comparable to that in the bulk bcc V or that in the epitaxial bcc V (001) deposited over non-H absorbing MgO substrate. (4) R ln f H representing the contribution of localized electrons around H atom to the entropy term was negative in the 4 ML bcc V (110) superlattice being in contact with non-H absorbing Mo layer in contrast to positive R ln f H in the bulk bcc V or in the epitaxial bcc V (001) deposited over non-H absorbing MgO substrate implying that the electronic state in the 4 ML bcc V (110) superlattice was drastically modulated from that in the bulk bcc V lattice or in the epitaxial bcc V (001) thin film.
